Cellular array morphology has been examined in the shallow cell, deep cell, and cell-to-dendrite transition regime in Pb-2.2 wt pct Sb and Al-4.1 wt pct Cu alloy single-crystal samples that were directionally solidified along [100]. Statistical analysis of the cellular spacing distribution on transverse sections has been carried out using minimum spanning tree (MST), Voronoi polygons, radial distribution factor, and fast Fourier transform (FFT) techniques. The frequency distribution of the number of nearest neighbors and the MST parameters suggest that the arrangement of cells may be visualized as a hexagonal tessellation with superimposed 50 pct random noise. However, the power spectrum of the Fourier transform of the cell centers shows a diffused single-ring pattern that does not agree with the power spectrum from the hexagonal tessellation having a 50 pct superimposed random (uniformly distributed or Gaussian) noise. The radial distribution factor obtained from the cells is similar to that of liquids. An overall steady-state distribution in terms of the mean primary spacing is achieved after directional solidification of about three mushy-zone lengths. However, the process of nearest-neighbor interaction continues throughout directional solidification, as indicated by about 14 pct of the cells undergoing submerging in the shallow cell regime or by an increasing first and second nearest-neighbor ordering along the growth direction for the cells at the cell-to-dendrite transition. The nature of cell distribution in the Al-Cu alloy appears to be the same as that in the PbSb. The ratio between the upper and lower limits of the primary spacing, as defined by the largest and the smallest 10 pct of the population, respectively, is constant: 1.43 Ϯ 0.11. It does not depend upon the solidification processing conditions.
I. INTRODUCTION
those obtained from a hexagonal lattice with superimposed Gaussian noise. It has, therefore, been suggested that the A HOMOGENEOUS distribution of primary spacing distribution of cells can be visualized as a hexagonal tessellaof cells and dendrites is required to achieve a uniform distrition with some superimposed random noise. However, all bution of mechanical properties in castings. Dependence of these observations are based on polycrystalline samples primary spacing on solidification processing parameters has where the primary spacing distribution may have considerbeen extensively investigated. During directional solidificaable scatter associated with grain multiplicity and grain tion of binary alloys in a positive thermal gradient, shallow boundaries. cells, deep cells, and dendrites are observed with increasing
The purpose of this study was to examine the cellular growth speed.
[1] In the shallow cell regime, the primary arrays in Pb-2.2 wt pct Sb and Al-4.1 wt pct Cu alloy singlespacing decreases with increasing growth speed. It begins crystal samples directionally solidified along [100] and to increase during the deep cell formation and rises sharply determine the solidification length necessary to establish after the cell-to-dendrite transition. After reaching a maxisteady-state array morphologies. Solute enrichment of the mum, the spacing continues to decrease with increasing melt due to solidification would decrease the melt density growth speed for dendritic microstructures. The primary for the Pb-Sb alloy and would increase it for the Al-Cu spacing is generally measured as ΊA/n, where n is the numalloy. Therefore, a density inversion occurs in the melt in ber of cells/dendrites in an area, A. This analysis, inherently, assumes a square distribution. However, a dominant sixfold the mushy zone and also at the cellular array tips during symmetry has been observed in the frequency distribution directional solidification of the Pb-Sb alloy. This causes of the number of nearest neighbors for cellular microstrucextensive convection and produces macrosegregation along tures.
[2] An analysis of the nearest-neighbor and higher-order the growth direction. [5] However, the radial macrosegregaspacing distribution of cells and dendrites for Pb-Sb alloys [3] tion is usually minimal (if the growth conditions are not is in agreement with a dominant hexagonal pattern. Minisusceptible to the formation of "channel segregates"), and mum spanning trees (MSTs), which are created by joining a uniform cell/dendrite distribution across the entire sample the cell centers, in directionally solidified Pb-Tl [2] and succicross section is achieved. During directional solidification nonitrile-acetone [4] alloys yield patterns that are similar to of the Al-Cu alloy in a positive thermal gradient, no convection is expected. However, presence of any radial thermal gradient causes convection and may result in radial macro- in carrying out the statistical analyses.
II. EXPERIMENTAL PROCEDURE
(0 in the gray scale table). An erosion filter was applied to these images to open up any interconnected features. The A. Alloy Preparation and Directional Solidification image analysis software, HLIMAGE 97 (Data Translation, Marlboro, MA), [7] was used to identify the individual feaAbout 24-to 30-cm-long Pb-Sb feed stock samples were tures ("blobs"), locate their centers of mass, and create the obtained by induction melting a charge (Pb 99.99 wt pct corresponding (x, y) coordinate table. We believe that the purity and Sb 99.999 wt pct purity) under an ultra-high first method should provide more reliable results because it purity argon atmosphere in a graphite crucible and pushing involves carefully locating the center of each cell/dendrite the melt into evacuated quartz tubes (0.6-cm inner diameter after magnifying its image. This procedure becomes espe-(ID)) with the help of argon pressure. The cast Pb-2.2 wt cially important when a particular feature is not symmetric pct Sb feedstock cylinders were extracted and placed into a with respect to its center of mass, as is the case with the quartz directional-solidification ampoule (0.7-cm ID, 61-cm dendritic morphologies. However, because of the relatively long) on top of a pure lead, single-crystal seed. The [100] large number of features (1000 to 6000) being counted for crystallographic orientation of the seed was parallel to the each growth condition, the statistical results from the two axis of the ampoule. After remelting about 1 cm of the seed, techniques were nearly the same. We will, therefore, present the sample was directionally solidified in ultra-high purity here only those results, which are based on the analysis of argon at 10 m s Ϫ1 to obtain about 15-cm-long seed. A 4.5-the manually identified centers of mass. cm-long piece from this single crystal was used as a seed for all the Pb-2.2 wt pct Sb specimens directionally solidified 2. Gauss amplitude fit to the frequency distribution of in this study. A thermal gradient of 164 K cm Ϫ1 was used nearest and higher-order spacings with growth speeds of 1.5, 1.8, 2, 2.5, 4, 5, and 10 m
The (x, y) coordinates for the centers of mass were used s Ϫ1 to obtain arrays with shallow cells, deep cells, cell-toto create the frequency distribution of nearest and higherdendrite transition, and dendrites. The initial melt-column order intercellular/dendritic spacings. The spacing data length at the onset of directional solidification was about 18 larger than five times the mean nearest-neighbor spacing cm. The samples were quenched by spraying water on the were ignored in the subsequent Gauss-amplitude peak analyampoule surface after directional solidification for a length sis. A linear background correction and fast Fourier transvarying from 1 to 10 cm. For example, one set was quenched form (FFT) smoothing was applied to the data and the after 10 cm of directional solidification, and another set was software, Peakfit (Jandel Scientific, Corte Madera, CA), [8] quenched after solidification distance of only 3 cm. Al-4.1 was used to extract the peaks and their associated parameters. wt pct Cu single-crystal samples were directionally solidified For each peak, the frequency, F, is given by, F ϭ A 0 exp at 10 m s Ϫ1 in an alumina ampoule under a flowing argon
, where A 0 is the amplitude, A 1 the atmosphere at 110 K cm Ϫ1 . A pure aluminum [100] crystal center position, and A 2 the width. was used as seed for these samples.
3. Voronoi tessellation Voronoi tessellation is a tiling of space where each tile B. Metallography represents the space closest to a particular point. [9] In this Longitudinal (parallel to the alloy growth direction) and analysis, the points are first triangulated, and then, perpentransverse microstructures were observed by standard poldicular bisectors to the segments joining any two centers ishing and optical metallography techniques. An etchant are drawn. The smallest convex polygons surrounding each made up of 60-mL acetic acid and 40-mL hydrogen peroxide point are, thus, defined, containing all its nearest neighbors. (30 pct) was used to provide a suitable contrast for electronic Therefore, the number of sides of a Voronoi polygon reveals image capture for the Pb-Sb alloy. The Al-Cu alloy was the number of neighboring features. We have used this techetched by Keller's reagent. A montage of the microstructures nique to examine the degree of disorder in the distribution recorded at 50 times magnification was created in order to of cellular/dendritic features in this study. This technique is obtain a high-resolution image of the entire sample cross similar to the Wigner-Seitz construction that has earlier section.
been used to analyze the frequency distribution of nearest neighbors for cellular microstructures.
[2]
C. Tools for Statistical Analysis of Ordering in the 4. Minimum spanning tree Microstructure
A MST is a connected curve without any closed loop that contains all the centers and for which the sum of the edge 1. Center of mass weights is minimal. Such a tree represents the shortest total In order to carry out the statistical analysis of the extent length of the branches in order to connect all the nodes. We of ordering in the directionally solidified microstructures, the have used Prim's algorithm [10] where an arbitrary node is center of mass of the individual cells/dendrites was chosen to chosen initially as the tree root. The node nearest to the tree be the characteristic representation. Centers of mass were is identified and is joined to the tree. This process is repeated identified in the following two manners. In the first method, until all the points are connected to this MST. Mean of the the geometrical center of each feature was manually located branch lengths (m*) and their standard deviation ( *) can be and electronically recorded as a table of (x, y) coordinates.
used to provide a statistical measure of the nearest-neighbor In the second method, a computer-aided, pattern-recognition distribution. It was shown by Dussert et al. [11] that the two technique was utilized. Each image was reduced to a 2-bit parameters, m* and *, can be normalized by dividing them image, i.e., an intensity threshold was chosen, and all the by the square root of the average cell surface ͗S͘ to yield pixels with intensity greater than that threshold were assigned as white color The  table) , and all the other pixels were assigned as black color
